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BY HIGH SPEED MICRON SIZE PARTICLZS 

By ,Michael J. Mirtich and Herman Nhrk 

:<icron-size p a r t i c l e s  were accelerated b y  aerodynamic drag t o  gas 
speecs i n  a 3-inch shock t u b e ' t o  simulate some aspects  of micro;ietsoroid 
ercsion. A s t reak  camera technique was used t o  m k e  v e l o c i t y  zezs7x-e- 
I txts  i n  t h e  gas-heated, r a d i a t i n g  cloud of p a r t i c l e s .  Good a g e e c e n t  
vas chtained between measured and t h e o r e t i c a l l y  predicted ve loc i t ies .  
Integrated dens i ty  measurements were made b y  c o l l e c t i n g  t h e  p r t i c l e s  on 
d isk  col lectors .  

Ailminun and aluminum-coated disks were placed in  t h e  shock tube and 
e-qosed t o  bonbardment by a known number of p a r t i c l e s  with known velocity,  
s ize ,  and composition. These expriments  yielded t h e  following r e s u l t s :  

1. Bombardment of polished metal l ic  surfaces by high-speed, micron- 

Tnis reduction can be correlzted with t h e  k i n e t i c  energy of t h e  
s i z e  p a r t i c l e s  causes reduction i n  average r e f l e c t i v i t y ,  :, of t h e  sur- 
face. 
bombarding par ' t icle cloud, e, by an expression o$ t h e  form 

2. This cor re la t ion  ind ica tes  t h a t  t h e  measured k i n e t i c  energy flux 
of micrometeoroids i n  t h e  v i c i n i t y  of the  Earth i n  t h e  range 1O1O t o  
lom8 g will reduce t h e  r e f l e c t i v i t y  of a polished aluminum surface t o  
ha l f  i t s  o r i g i n a l  value i n  about 3 years. Although t h e  'Yesults of ex- 
periments on nine major satell i tes have not detected p a r t i c l e s  smaller 
t'nan 
t h a t  p a r t i c l e s  of lO-lf g do e x i s t  a t  t h e  extrapolated f l u ,  reduces t h i s  
damage t i n e  t o  zbout 7 months. . 

3. Caatings of 8600 aluminum on a 15/16-inch-diameter Bakel i te  

g, an e x t r a  olatiori  o f  the ex is t ing  data,  w i t h  t h e  assumption 

dlsk wsre rmot-std by p a r t i c l e  clouds with kir ,e t ic  knergy of l e s s  thm 2 
jou les ,  an mount l e s s  by an order of magnitude than t h e  energy required 
t o  remove these  coatings by evaporation. f l d T H - 0  . 

INTRODUCTION 

One of t h e  hazards encountered b y  space vehicles,  p a r t i c u l a r l y  when 

- 1 -  



they E r e  t r m e l i n g  i n  t h e  v i c i n i t y  of  the  Z ~ T Z - ~ ,  I s  C;::Y ol" c o L i s i o n  
--h 1 t 1-5~3 kcrometeoroids.  The l a t e s t  &rual  cn -1,- <,L._U 

' f l u  r e t e s  become appreciable f o r  p r t i c i e  rizsa L :., --ir ~. +:;icie L 
ol" ESSS 10-10 g h i t s  an area 1 cm square aboxt 10 t i x s  221- day.) 
L-eletlve s p e d s  of these  p a r t i c l e s ,  v i t h  resgect  'io - 2 e  E a r t h ,  i-mze 3-02  
E-DGUI; 50,000 t o  200,000 f t /sec,  end these parxizies  a1-e eLzk.&uL6 ~3 hew 
2.enelties between 0.05 t o  5 g /cc .  
;pro~;-"ties o f  mater ia ls  a l z e r  proloxged expos-ue t o  zhe h igh-sped  -s.lc?O- 
meteoroid environment of space i s  not known. 
t o  simulate t h i s  space condition and study t h e  e f f e c t s  i n  t h e  laboratory. 
Tnis czn be done b y  choosing p a r t i c l e s  of known mss and conposition zzd 
accelerat ing these  p a r t i c l e s  t o  speeds comparable with those t h a t  e x i s t  
i n  space. Bombardment of surfaces o? i n t e r e s t  by tnese p a r t i c l e s  caxses 
damege t o  the  surface o p t i c a l  propert ies ,  which can be r e a u r e d  and 'h'c~ci: 
can therefore  be transformed i n t o  quant i ta t ive  inforxat ion corice:-L2g t h e  
degradation of such surfaces in  space. 

The 

m e  eTfcct ca -Lie su?_'-ce o2tiCd. 

It i s  therefore  desirable  

- .  1 

A f a c i l i t y  t h a t  can b e  used i n  the  laboratory t o  s i m l a t e  t k s e  ~0::- 
Cizions i s  the  shock tube. The use of aerodyxE.Lc Crag c'? a 
duration flow i n  a shock tube as a neans cf s c c e l s r a t k i g  m a l l  pr- iCcles  
t o  shocked gas speeds was studied both a n a l y t i c r l l y  ad. e:qxrir;lex-LGI.y ~t 
t h e  L e v h  Research Center. Although t h e  p a r t i c i e  speeds =e lower ir, our 
presext shock tube than those e x i s t i n g  i n  space they  were s u f f i c i e n t l y  
h i ~ h  t o  xdce hemispherical c r a t e r s  ( p a r t i c l e  ve loc i ty  grea te r  than one- 
hs l f  the sound speed i n  t h e  t a r g e t  mater ia l )  i n  aluminum targe ts2  
( V / C  > 0.5). Various polished aluminum and alminum-coated disks  were 
plsced i n  t h e  shock tube and e q o s e d  t o  t h e  high-speed -+;rticles. Ex- 
perimental damage t o  t h e  t a r g e t s  w a s  determined b y  measuring changes i n  
the  o p t i c a l  propert ies  of t h e  various surfaces  with a s p e c t r a l  r e f l e c -  
tometer. The r e s u l t s  of these  damage s tudies  a r e  presented herein t o -  
gether  with a cor re la t ion  t h a t  permits predict ion of time v a r i a t i o n  of 
surface r e f l e c t i v i t y  i n  space, 

b 

C 

C1 

D 

E 

SYMBOLS 

39qD 
k 
- T I  

ve loc i ty  o f  sound 

s p e c i f i c  heat of p a r t i c l e  

2 9  cpp> 
3k - 

p a r t i c l e  diameter 

rr,inin;um energy d e n s i t y  needed t o  expose Royal X Pan f i l m  

- 1 2  nivi 
4 2  - 
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drag force 

b 187 - -  - 
m K 

t h e r m 1  conductivity of accelerat ing gas 

0.16~10’~crn Cunn.Lnghan-Mi11ikan correction fac tor ,  1 + 
D 

Jhch number 

($)(-2) 

m p a r t i c l e  mass 

Icass of i t h  p a r t i c l e  

dis tance from p a r t i c l e  t o  lens  of s t reak  camera 

p a r t i c l e  radius 

radius  of camera l e n s  

m 

R 
i 

r 

S constant in e q o n e n t  o f  eqs. ( 6 )  and (7 )  

Te gas temperature 

temperature of p a r t i c l e ‘ i n  hot gas 

temperature required f o r  p i r t i c l e  t r ave l ing  a t  V t o  r ad ia t e  
minimum energy needed t o  expose Royal X Pan fil.8 

Tr room temperature 

time 

ve l o  c i t y  

t 

V 

gas ve loc i ty  

‘i ve loc i ty  of i t h  p a r t i c l e  

particle ve loc i ty  

xp dis tance from in j ec t ion  point of p a r t i c l e  

v i scos i ty  of gas 

dens i ty  of  p a r t i c l e s  

average r e f l e c t i v i t y  
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f i n a l  zverage r e f l e c t i v i t y  

i n i t i a l  average r e f l e c t i v i t y  

average r e f l e c t i v i t y  a f t e r  i n f i n i t e  t i n e  

- 
P, 

- 
p i  

QCo 

- 

0 Stefzn-Boltzmann constant 

Acceleration of P a r t i c l e s  b y  

Shock Tube Flows 

An analysis  was  made t o  determine the  f e a s i b i l i t y  of accelerzt ing . .  particles i n  s h o r t  durat ion shock tEbe flows. Ti=? acceler&z;-z i.'JA*22 i.;&s 
assumed t o  be  t h e  aerodynanic drag of the  high-speed gzs actir,g on spke- 
roifisll p a r t i c l e s  placed in the stream. The r e s u l t s  oI" E. tTypical calcule- 
tLGn of t h e  predicted ve loc i ty  as a f'unction of t h e  distance doi.ms-~rearn 
ol: injeczion, i s  shown i n  f i g ,  1 f o r  Sic p z r t i c l e s  2 t o  20 nlcrons i n  
d i m e t e r .  The Reynolds number for these  p a r t i c l e s  r e l a t i v e  t o  t h e  gas 
ves s u f f i c i e n t l y  low during a l a r g e  p a r t  of t h e  acce lera t ing  process t o  
nrrait  use o f  the  well-known Stokes so lu t ion  for t h e  spheres given by 
The f ollotring equation : 

3 The semiempirical Cunningham-Millikan correct ion fac tor  f o r  s l i p  
1.~2s added i n  t h e  b of ea_. (l), but  t h i s  f a c t o r  was general ly  very close 
t o  1.0. 

The s o l i d  curves i n  f i g .  1 a r e  defined by eqs. ( 2 )  and ( 3 )  which a r e  
obtained by in tegra t ing  eq. (1) : 

The temperature of an acce lera t ing  p a r t i c l e  i n  t h e  hot  gas a t  time 
t i s  

TP, 1 = Te + (T, - Te)e't/C1 (4 )  

The temperature required f o r  a p a r t i c l e  traveli 'ng a t  V, t o  r a d i a t e  t h e  
e n e r a  needed t o  expose t h e  f i l m  a t  t h e  f o c a l  plane of t h e  s t reak  can;era 
i s  

- ER2Vp ( t ) 
- 2.5  m Z D  2 

The v i s i b i l i t y  c u v e  of f i g .  1 i s  obtained by equating Tp,s  To Tp,2. 
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The contact surface iq f i g .  1 s i g i i f i e s  zi:e , .  t e x i n z t i c c  cf t h e  
gas flo.;;, ( i . e .  , a r r i v a l  of t h e  col?-gas plztoi? es:-~:;c-k u'.::::!'L..-, -, ., ' >.-._. ..l.-,x _. . 

a 
This c.o,;;y _ _ - -  

T z j a S  czlculzted from the  theory 02 r e f .  4. "cr i.,L~-J.vz -&e 

pm6e6 dr iver  gas (He) whose ve loc i ty  i s  the s w e  as the ha t  22s (nL-) 
for a t ine .  
tact s w f a c e  TESS through the  contact surfece a C  a r e  s t i l l  accelei-Lted, 
b u t  a t  E slower rate, b y  t h e  cold ges, 
Ration of t h e  co l6  flow, usual ly  determined by the  a r r i v a l  of t h e  f i r s t  

limit of v i s i b i l i t y  for  t h e  heated p a r t i c l e s  being cooled by the  cold 
d r i v e r  gas t o  temperatures below v i s i b i l i t y .  

fln7.r al t .og~th.er,  h~~. , rp~.yr ,  f o r  h e f i i ~ 2  t h e  ccr.t-ct ~izfz:e 2 s  -:;:;:?e cclfi  ex- 

P s r t i c l e s  t h a t  are not  a t  gas spe& CL zr-~~el c2 '21e con- - _  & 

This con6iticn lasts u n t i l  termi- 

0 

E.3 

I 

b2 expansion wave. When applicable,  a ca lcu la t ion  WES made t o  obtain t h e  
cu 
* .  

Experimental Procedure 

The shor t  duration flow i n  a 3-inch-dianeter shock tc3e T T ~ S  used 
successful ly  t o  acce lera te  the  micron s i z e  p a r t i c k s  use6 ir, ';hLs 21-0- 
gram. Helium a t  high pressure w a s  used as the  drlver L;LS, a d  air :ras 
used i n  the l o v  pressure section. 
chax3ers w a s  ruptured by an a r r o w  head plunger, 
successful  Sn i n i t i a t i n g  t h e  f l o w s  while preventing any diap'ni-ap p a r t i -  
c l e s  from t e a r i n g  loose and in te r fe r ing  with t h e  ex-periment. 
t a n t  f e a t u r e  of t h e  experiment i s  the f a c t  t h a t  t h e  gas behind the  shock 
i s  a t  a high temperature, and therefore  not  only accelerates  the  small 
p a r t i c l e s  b u t  a l s o  heats  them s u f f i c i e n t l y  t o  make t h e i r  t r a j e c t o r i e s  
v i s i b l e  on f i l m .  

A coppe; diaphram separzt icg t k e  
"his system WBS very 

An impor- 

P a r t i c l e s  t o  be in jec ted  i n t o  the stream were placed on the  hori-  
zontal  surface of a sharp-edged, t h i n  p l a t e  located downstream of the  
d i a p h r a p  i n  the  middle of t h e  shock tube from which they  were picked up 
b y  t h e  high-speed flows. 

- 
1r-1 rr-iL.. uy mmo?..rummm.,+n ucaDur c1A1c111rr3 of t h e  g8s-heated, radiatir ig cloud of pa-ti- 

c les  were made with 1250 ASA f i l m  i n  a s t reak  camera. Results of one of 
these  v e l o c i t y  measurements a r e  shown i n  f ig .  2. 
by r a d i a t i o n  given off  by S i c  p a r t i c l e s  i n  the  s i z e  range from 2 t o  141.1. 
The shock Nach number w a s  6.5, and the i n i t i a l  air  pressure w a s  6.7 
rm 3g. 
zngie of a stre.& with the horizontal. 
accura te ly  known ( t o  a small f rac t ion  of a percent) from measurements of 
r o t a t i o n a l  speed of  t h e  exposing mirror beam (246 r p s ) ,  and hence p a r t i -  
c l e  speeds a r e  measured t o  good accuracy. 
are shown as experimental points  i n  fig. 1. 

The stretiks were made 

The v e l o c i t y  w a s  measured from the  speed of t h e  film and t h e  
The speed of t h e  f i l m  i s  very 

Data obtained in  this manner 

P a r t i c l e  d i s t r i b u t i o n  measurements were made by col lec t ing  t h e  par- 
The col- t i c l e s  on various diameter disk col lectors  as shown i n  f i g .  3. 

l e c t o r s  range i n  diameter from 1/2  inch t o  5- 13 inches and were coated 

with vacuum grease t o  insure c rp ture  of t h e  p a r t i c l e s .  
c o l l e c t o r s  were weighed on an m a l y t i c  balance before %ti z?:z:- +he 30~1- 
bardnent by p a r t i c l e s ,  

16 
Tae coete2 disk 

The difference i n  weight gives t h e  i:lss oI" ;uti- 
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.- ties collected by each disk, aad from t h i s  the rziiial de3sit-y distrk::u- 
t l c n .  \%en no p a r t i c l e s  were ~ ; j ~ c t ~ ~ ,  5s a c c ~ ; - - ~ - ~ ~ - j r  5s cc;la ;? 1.::; 

S L X ~ ~ ,  the weights of the  co l lec tors  were ~ ~ c h z ~ g e i i .  ‘T..? miss of >=ti- b 

c1?s collected,  nornialized t o  the  mass of particles col lected on the  
l a r g e s t  s i z e  disk, i s  p l o t t e d  against  t h e  diameter of t h e  disk co1lectol-s 
i n  f i g .  i ,  From f i g .  4, it can be seen t h e t  t h a ’ r a d i a l  d i s t r i k u t i o n  Of 
p x t i c l e s  vzried only s l i g h t l y  wi th  t h e  Fach nlm’oer mti wcs in2epzcdent 
of the  b i t l a 1  t o t a l  mass of p a r t i c l e s  placed i n  the  snock tube. 

. -  
, -  - -  - 

After the veloci ty ,  s i z e  range, composition, and number of p a r t i c l e s  
s t r i k l n g  a given area  were determined from t h e  above procedures, a1mln.m 
aiid alminum-coated disks  were placed i n  t h e  shock tube and exposed t c  
bombardment by t h e  p a r t i c l e s .  Experimental damge t o  t h e  t a r g e t s  W E S  

corsidered t o  be t h e  measured change i n  t h e  r e f l e c t i v i t y  of the  surfaces. 
This ti2s deternined by making r e f l e c t i v i t y  measmeaents over t h e  wave- 
l e c g t h  range from 1.5 t o  15p on t h e  disks  before and after bonbardiaent. 

DISCUSSION OF RESULTS 

A cumber of experimental investigations5> have sh0T.m that the  shape 
of t h e  ccvi ty  formed i n  the  t a r g e t  by a hypervelocIty p r o j e c t i l e  i s  
hemispherical, snd tha t ,  t h e  volume of t h e  cavi ty  i s  proportional t o  t h e  
k i n e t i c  energy of t h e  p r o j e c t i l e .  The t h e o r e t i c a l  analysis  of ref .  8 
indicates  t h s t  t h e  c r a t e r  depth i s  proport ional  t o  k i n e t i c  energy t o  a 
power. 
with the qudnt i ty  

exposure sca l ing  f a c t o r  i f  k i n e t i c  energy flux in  a given s i t u a t i o n  i s  
known. 

Hence, we have characterized t h e  exposure t o  p a r t i c l e  bombardrnent 
1/2 miV:. This a l s o  allows a possible  time-of- 

i 

S i x  polished aluminum disks 15/16 inch i n  diameter were bombarded 
Spectral  r e f l e c t i v i t y  for these  disks  befor  and a f t e r  

Fig. 5 presents  t h i s  da ta  for a disk 
by S i c  par t ic les .  
exposure i s  shovn i n  f i g s .  5 t o  7. 
exposed t o  0.27 mg of S i c  accelerated t o  gas speed a t  a shock Mach nurnber 
of 8.4, and shows a considerable reduction i n  r e f l e c t i v i t y  due t o  t h e  ex- 
pasure. 
mg of p a r t i c l e s  a l s o  accelerated a t  a shock Mach number of 8.4. 
f l e c t i v i t y  i n  t h i s  case was reduced an even g r e a t e r  amount. Fig. 7 
contains the  r e s u l t s  f o r  a disk  exposed t o  0.7 mg of S i c  p a r t i c l e s  ac- 
celerated by t h e  gas behind a shock of = 6-86, Here, too,  t h e  r e f l e c -  
t i v i t y  was considerably reduced. The data  on these  figures.show t h a t  a t  
a l l  wavelengths (1.5 t o  151.1.) t h e r e  is  a marked reduction i n  r e f l e c t i v i t y  
as both the  p a r t i c l e  v e l o c i t y  and t h e  number of p a r t i q l e s  a r e  increased. 
A sample aluninun disk before and a f t e r  bombardment is shown i n  f i g .  8. 

Fig. 6 shows the  r e f l e c t i v i t y  of a s i m i l a r  d i sk  exposed t o  0.7 
The re -  

The r a t i o  of t h e  f i n a l  t o  i n i t i a l  average r e f l e c t i v i t y  is,& is 
p l o t t e d  i n  f i g .  9 against  t h e  t o t a l  k i n e t i c  energy of t h e  cloud of p a r t i -  
c l e s  in-oinging on the  disk. 
creases es k i n e t i c  energy increases,  md, a t  an enerzJ of &bout l Joule,  
t h e  ratlo pf& has f a l l e n  t o  0.8. Thus, o w  aluxinun disk e -xpsec  t o  

It w i l l 5 e  noticed t h a t  r e f l e c t i v i t y  de- 
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I n  fig. 10 i s  presented t h e  werege currulative mss 2is t r iYution of 
in te rp lzne tary  dust  p a r t i c l e s  i n  the vicLzi ty  of the E a r t h  8s c o q i l e d  i n  
re f .  1. By in tegra t ion  of t h e  measured mass d i s t r i b u t i o n  of f ig .  10 f o r  
"ne p a r t i c l e  Icass range from 10-10 t o  10-8 g, and assignment t o  t h e  par- 
t i c l e s  of an merage v e l o c i t y  of 30 km/sec, as i n  r e f ,  1, it was found 
t h a t  t h e  cl/2 miV; f a l l i n g  on a 15/16-inch-diqmeter disk was equal t o  

i 
one and one-half jou les  a t  t h e  end o f  a year. With k i n e t i c  energy as t h e  
appropriate independent var iable  for s c a l i n g  damage, we f i n d  then t h a t  
t h e  time of exposure for a 15/16-inch-diameter disk equivalent t o  1 joule  
is  shout 8 months i n  space i n  the  v i c i n i t y  of t h e  Earth. Thus, by r e -  
p l s c m e n t  of t h e  energy coordinate o f  f i g .  9 by t h e  equivalent t i z e ,  o~ 
l&ora tory  experixent ind ica tes  t h a t  the  damage t o  opt ics1  propert les  cf 
polished aluminum surfaces i n  space i s  considerable (Ffbq  = 0.8) a t  t h e  
end of 8 months. 

L 1  

A 

The authors have shown i n  some unpublished work t h a t  t h e  r e f l e c -  
t i v i ty  of a surface exposed t o  p a r t i c l e  bombardrrent nay be expressed as 

( 6 )  

where 
t ime) exposure, If we assume - pm is zero (a  blackbody) a f t e r  a very . 
long time, eq. ( 6 )  s impl i f ies  t o  

i s  t h e  r e f l e c t i v i t y  of the surface a f t e r  a very long ( i n f i n i t e  

P lo t ted  i n  f i g .  9 i s  eq. ( 7 )  with 
F(e)/Fi 
t h a t  a reduct ion of t h e  r e f l e c t i v i t y  t o  one-half the  o r i g i n a l  value would 
occur i n  3 years if 
t h e  t a r g e t  c r a t e r s  a r e  coated by p r o j e c t i l e  mater ia l  ( r e f ,  5) and t h a t  
t h e  p r o j e c t i l e  mater ia l  has a 
a stony material. 

S = 0.211, obtained from t h e  value of 
Equation ( 6 )  ind ica tes  of t h e  experimental curve a t  1 joule. 

- 
p, = 0.15. This value i s  obtained b y  assuming t h a t  

= 0.15, which i s  a reasonable value f o r  

It i s  important t o  make c l e a r  a t  th is  point  t h a t  t h e  l i m i t  of 
g a t  the  low end of t h e  mass s i z e  range of meteoroids i n  space was 

chosen because re f .  1 (f ig .  10) s p e c i f i c a l l y  l i m i t s  t h e  range a t  t h i s  
lower end value. Although more than a dozen maJor space vehicles  had 
instrumentation t o  measure t h e  flux of such -particles,  no data  a r e  shown 
f o r  p a r t i c l e s  smaller than 10-l-O g. This does not  mean, however, t h a t  
such p a r t i c l e s  do r.ot e x i s t ,  bu t  suggests instead that none of t h e  in-  
s t m e n t a t i o n  on boerd these s a t e l l i t e s  was s u f f i c i e n t l y  sensl'ilve t o  de- 
t e c t  p a r t i c l e s  below g. It is a l s o  possible  t h a t  > a r t i c l e s  ir, t h e  
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de'iectzble range h i t t i n g  a surface a t  extrezc ~?-z.rc!-z; tx:,:es rnay cause 
sere surface damage and y e t  not be 6etec;e.Z 2; -  L _ _ ,  - ____ VI AI- A "A -L-r ba- 
t ion .  "his last  group, however, i s  prob6:y ve;y ;;~CZ -&e r e s u l t s  
of ref .  5 ind ica tes  t h a t  detect ion wo7d.d occur f o r  y z r t i c l e s  zbove t h e  
nor;r.al detect ion l i m i t  except f o r  q u i t e  oblique m-gles of clrrivai a t  t h e  
surface,  

- -  - _r-,. -*,?,--- 

- *  

I f  the  curve i n  f i g .  10 i s  simply extrapolated i n  order t o  include 
p a r t i c l e s  t o  t h e  s i z e  
f a c t o r  of near ly  5, Thus, t h e  estimate of a 3-year l i f e  t o  one-half of 
t h e  o r i g i n a l  r e f l e c t i v i t y  might be reduced t o  only 7 months. 
extrapolat ion i s  conservative however, s ince flux r a t e s  probably do not 
continue t o  r i s e  s o  r a p i d l y  as i n  t h e  10-10 t o  10-8 g range. 

g, t h e  t i n e  equivalence i s  sLorcened by a 

Such an 

To determine the  d u r a b i l i t y  of coatings exposed t o  high-speed p a r t i -  
c l e  flows, two aluninum coated Bakelite disks weze ;,,lacs% 1- <fie shock 
t c 3 e .  The alurr.ir,um had been vacuum deposited cn ' L e  3&e:i-:e d i s h  223 
t h e  thickness of  t h e  coating measured with an iCterferoxe'Ger. ~ h -  
xinum coated disks  were then placed i n  the shock tube with a s3ech.l  
holder designed t o  insure aga ins t  removal of t h e  aluxinm by t h e  hot gas. 
ExTosure t o  t h e  shock tube flows without i n s e r t i o n  of p a r t i c l e s  showed r.0 

damage t o  t h e  coating. 
shaved t h a t  a l l  t h e  8600 A t h i c k  aluminum coating was removed when the  
BBekelite coeted disk w a s  e x p o s e d t o  0.9 mg of 2 t o  1 4 ~  Sic p a r t i c l e s  a t  
M = 6.5, correspondipg t o  a t o t a l  energy of 1.83 joules.  
t h e  coated Bakel i te  d i sk  before and a f t e r  exposure. 
exposed portions of t h e  d isk  a t  support points  s t i l l  show t h e  o r i g i n a l  
coating. For another disk with a 4800 A aluminum coating, a l l  coating 
w a s  ri32if7Jed with a 0.87-joule (0.27 mg a t  
it was .".-srm t h a t  t y p i c a l  aluminum coatings (8600 A or l e s s )  on Bakel i te  
could be removed e n t i r e l y  from t h e  sur face  of t h e  Bakel i te  with an ex- 
posure 'Go p a r t i c l e s  of t o t a l  k i n e t i c  energy about an order of magnitude 
less than t h e  thermal energy required t o  remove these  coatings by 

' evaporation. Calculations of coat ing l i f e t i m e s  from using hea t  of 
vaporization f o r  removal energy would, therefore ,  give l i f e t i m e s  t h a t  a r e  
~ u c h  t o o  high. 

TQe r e s u l t s  of the  experimmt with p a r t i c l e s  

Figure 11 shows 
I n  f i g u r e  ll(b) un- 

M = 8.61 bombardment. Thus, 

0 

E-ktsrial s i m i l a r  t o  t h a t  of t h e  Echo I bal loon (2200 A aluminum 
evaporated on 1/2-in. My-lar) w a s  a l s o  placed i n  t h e  shock tube and ex- 
posed t o  p a r t i c l e  bombardment, I n  t h i s  case no r e a l  simulation of t h e  
su;?port o f  the  mater ia l  ( a i  i n  a bal loon)  could b e  made. The mater ia l  
vas instead s t re tched  over a backing p l a t e  and exposed i n  t h i s  way t o  
p a r t i c l e  bombardment. 
spectrometer i s  shown i n  f i g .  12.  Unfortunately, t h i s  cannot be used t o  
determine t h e  l i f e  of t h e  b'alloon r e f l e c t i v i t y ,  b u t  it does ind ica te  t h a t  
micrometeoroids, even if  t h e y  do not  puncture t h e  balloon, w i l l  reduce 
r e f l e c t i v i t y  a t  a r a t e  t h a t  should b e  not iceable  over t h e  l i f e  of t h e  
s a t e l l i t e .  

The reduction in  r e f l e c t i v i t y  measured by t h e  
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Exposure of  polished alumhum surfaces t o  b c i h s r d z e n t 5 y  a cloud of 
hi&-spee; ydi%ticles of l.;iiObli total kkietic eiie-=a- ccse;z (jZL,-GC yz.: c.2 

be fail-ly wel l  predicted by eq, ( 6) o r  (7). 
concerning t h e  r e f l e c t i v e  propert ies  of s toay mater ia ls  (-2:e m z e r i c l  of 
mst  neteoroids) e good estircate of t h e  datlsge t o  rz-cal s x 5 a c e s  i n  
i n t e r p l m e t a r y  space near t h e  Earth is  a l s o  made possible.  This only r e -  
cpires t h a t  t h e  compiled measurements of meteoroid f lux from over a dozen 
rr,ajor s p c e  vehicles  b e  allowed as correct.  
l i m i t a t i o n s  of these  data, a usefu l  estimate of damage t o  surface o p t i c a l  
p roper t ies  i n  space can be made. The estimates indicate  t h e t  i f  changcs 
i n  surface o p t i c a l  propert ies  of 50 percent a r e  allowable, only miss:ons 
of over 7 months ~ L l l  be  affected.  
p r o p r t i e s  are not  acceptable t o  s t i t i s fac tory  vehicle  performace, m i s -  
s ions  for less than  t h i s  time may be affected.  

With a r a s o x b l e  EssumytLon 

Ever considering possible  

If smaller changes i n  surface op-Lical 
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M = 6.5 Vg = 6050 FT/SEC 
INSERTED 20 FT FROM DIAPHRAGM 
VARIOUS DIAMETER S i c  PARTICLES 7000r PI = 6.7 mm Hg AIR 

, O o O t  

V 

LL 3000 

DATA PJINTS 

.I I IO .01 
DISTANCE FROM INJECTION POINT X,, FT  

Fig. 1. - V e l o c i t y  Y S .  p o s l t i o n  from injection p o i n t  of S i c  p a r t i c l e s  of various  s i z e s  for M = 6 . 5  
and an i n i t i a l  a l r  pressure of 6.7 mm Hg. 

DISTANCE - 
TIME 

cs-22822 

F i g .  2 .  - S t r e a k s  made b y  r a d i a t i o n  g i v e n  off 
by  2 to 1-1 11 Sic p a r t i - l e ;  a t  Yl = 6.5. 



C-66363 

F i g .  3. - Disk c o l l e c t o r s  of v a r i o u s  s i z e s  (1/2 i n .  
to 3 13/16 i n .  i n  diam.) used  t o  make i n t e g r a t e d  
d e n s i t y  measurements. 

I M  = 6 8  1 
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Fig. 5. - Spectral reflectivity vs. wavelength for a 15/16- 
in.-diameter aluminum disk exposed to 0.27 mg of 2 to 14 p, 
SIC particles at M = 8.4. 
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Fig. 6.  - Spectral reflectivity v s .  wavelength for a 15/16- 
in.-diameter aluminum disk exposed to 0.7 mg of 2 to 14 p 
SIC particles at M = 8.4. 
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F i g .  7 .  - S p e c t r a l  r e f l e c t i v i t y  v s .  wavelength  f o r  a 15-16- 
In. - d i a m e t e r  alumlnum d i s k  exposed t o  0 . 7  m g  of 2 to 1 4  II 
Sic p a r t i c l e s  a t  M = 6.86. 

C-66497 
I 

(a) B e f o r ?  exposure. (b) After exposure. 
Fig. ti. - Sample aluminum dl;k lS/ld-in.-diameter before and after ex- 
posure to 2 to 14 LL SIC particle flows. 

M 
I 

L\3 w 
0.1 co 



I c- 
\ 
IC 

.6 

.5 

\ 
- \ 

\ 
\ 

\ 

\ J 
2 7 112 miV i, JOULES 

I 

Fig. 9. - Ratio of final to initi 1 average reflectivity ;f/ii v s .  
total kinetic energy (F 1/2 mlVi) 3 of  the cloud of 2 to 14 w Sic 

particles impinging on 15/16-in.-diameter aluminum disks. 
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Fig. 10. - The average cumulative mass 
distribution established by direct 
measurements from microphone systems 
for interplanetary dust particles 
in the vicinity of earth. 
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( a )  Bake l i t e  d i s k  coated with 8600 A of aluminum. 

F ig .  11. - E f f e c t  of exposure t o  p a r t i c l e  bombard- 
ment on aluminum coated b a k e l i t e  d i sk .  

C-66496 

( b )  Same b a k e l i t e  d i s k  a f t e r  exposure t o  2 t o  
14 SIC p a r t i c l e s  a t  M = 6.8.  

F i g .  11. - Concluded. E f f e c t  of exposure t o  par -  
t i c l e  bombardment on aluminum coated  b a k e l i t e  
d i sk .  
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Fig. 12. - Spect r .a l  refiect;.v;tg w~~~~~~~~~~~ , - - - + L -  for a 15-16- 

In . -diameter  d i s k  of 1/2 mil mylar coated on b o t h  s i d e s  
with 2200 A of aluminum and exposed t o  0 . 7  mg of  2 to 14 @ 

SIC p a r t i c l e s  a t  M = 8.98. 
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